Climate model simulations and observational references of the Earth's climate are the two primary sources of information used for climate related decision-making. While uncertainties in climate models and observational references have been assessed thoroughly, it has remained difficult to integrate these, partly because of the lack of formal concepts on how to consider observational uncertainties in model-observation comparison. One of the difficulties dealing with observational uncertainty is its propagation to the space-time scales represented by the models. This is a challenge due to the correlation of observational errors in space and time. Here we present an approximation which allows to derive propagation factors to different model scales and apply these to uncertainty estimates provided by the Climate Change Initiative (CCI) sea-surface temperature (SST) dataset. The propagated uncertainty in SST observations is found to systematically lower seasonal forecast skill and to increase the uncertainty in verification of seasonal forecasts, an aspect that remains currently overlooked. Uncertainty in forecast quality assessment is dominated by the shortness of the satellite record. Expanding the record length of these datasets might hence reduce the verification uncertainties more than the efforts to reduce the observational uncertainties.
Introduction
The scientific community is taking action to confront the challenge of climate variability and
The observed SSTs are compared to seasonal coupled climate model predictions from the Eu- Seasonal forecast skill is computed using the Pearson correlation of the ensemble mean predic-123 tion with the observations. Probabilistic properties that could be derived from the ensemble are 124 omitted. The correlation is a popular skill metric of seasonal forecast quality 2013; Scaife et al. 2014) . It measures the linear relationship between the prediction and the obser-126 vation across forecasts initialized at different dates and its square is equivalent to the re-calibrated 127 mean square skill score (MSSS, Siegert et al. 2016a ). This study focuses on the correlation coef- The SST CCI analysis provides an estimate of the uncertainty at the resolution of the data (1/20 132 degree ∼ 6 km). This uncertainty at the grid point level has to be propagated to space-time averages 133 used in the verification of seasonal predictions (typically monthly means and regional averages or 134 coarser grid scales). In this study we are interested in the observational uncertainty of the average 135 SST in the Niño3.4 region over a 30-day period. Since we can not expect observational errors to be 136 uncorrelated in space and time, the usual formula to calculate the standard error of the mean does 137 not apply. Instead, we have to take into account the finite correlation length (λ ) and correlation 138 time scale (τ) of the observational error.
139
Say we have an OR of the variable x with an accompanying observational uncertainty σ x on a 140 regular grid with grid spacing of ∆x and ∆t in space and time, respectively. We are consequently 141 interested in the uncertainty σ x of the space-time mean x in a configuration consisting of a domain 142 with dimensions of M times N grid points and T time instances. We assume that the observational 143 error ε i, j,t has an exponential correlation function
while i < M, j < N, t < T are indices of the data, such that the distances in space 145 ∆x (i − i) 2 + ( j − j) 2 and time ∆t|t − t| are scaled by the correlation lengths (Cressie 2015).
146
The exponential function can be expanded for all possible distances (all possible values for i, j,
147
and t) to form the covariance matrix Σ with dimension of all points in space and time (MNT ). The 148 uncertainty of x is consequently defined as,
where w is the averaging vector with length of 
where the S terms describe the exponential decay in all dimensions,
The computational complexity is only O(M + N + T + MN) which allows us to efficiently prop- 
207
The lower panel of figure 1 shows the observational uncertainty (σ x ) provided by SST CCI at and spatial SST average in the Niño3.4 domain, we need to propagateσ x to its space-time average.
215
The assumption of constant observational uncertainty greatly facilitates the propagation and not be misinterpreted as effective sample sizes with which the standard deviation can be scaled.
226
As shown in equation 3 the correction term is more complicated. To make the propagation general 227 in the physical space, the graph is further shown for unit observational uncertainty (σ x = 1). The 228 resulting standard deviation of the space-time mean (y-axis) can consequently be understood as 229 the propagation factor with which the average observational uncertainty (σ x ) of the data needs to 230 be multiplied.
231
The SST CCI reports correlation lengths for errors of 100 km in space and a time scale of one day in the SST CCI product, the latter is an estimate of the uncertainty collectively among the ORs. While uncertainties from (1) and (2) jointly all sources (1-3) using the alternative ORs as an estimate of the observational uncertainty.
303
Note that the seamingly increased skill in July in comparison to June is an artifact of the limited 304 period considered (1992 -2010) . For longer periods the forecast skill decreases monotonically as 305 the model departs from the initialization date (May 1st).
306
The observational uncertainty (green area) contributes about 20% in the summer months and 307 50% in the first month after the initialisation with similar amplitudes for both observational en- 
where σ o is the total interannual standard deviation of the ORs and σ x the observational un- 
344
In the poles and also regions in the southern Ocean the observational uncertainty is larger than the 345 interannual variability of the OR and hence no attenuation can be calculated. provided by ORs in climate model evaluation are, however, still scarce.
355
In this study, we present a step forward to narrow this gap by presenting simple ways to prop- sources of verification uncertainties. However, over most regions, the largest uncertainty in sea-368 sonal forecast quality originates from the limited period over which the hindcasts are evaluated.
369
The observational uncertainty is also shown to systematically reduce the correlation skill by up to Record length uncertainty The observational uncertainty is estimated by propagating SST CCI uncertainties to monthly means in each grid-point. Grid-points in gray denote areas where the observational uncertainty is larger than the interannual variability of the SST CCI and where as a consequence no correction for attenuation can be calculated. 
